We demonstrate the design and fabrication of multichannel Fibre Bragg gratings (FBGs) with aperiodic channel spacings. These will be suitable for the suppression of specific spectral lines such as OH emission lines in the Near InfraRed (NIR) which degrade ground based astronomical imaging. We discuss the design process used to meet a given specification and the fabrication challenges which can give rise to errors in the final manufactured device. We propose and demonstrate solutions to meet these challenges. second-and third-order dispersion compensation," Electron.
Introduction
There is a demand for multichannel filters for OH emission filtering [1] of Near InfraRed (NIR) wavelengths collected from ground telescopes [2] . OH emission lines generated in the atmosphere make it challenging to observe distant red shifted galaxies. Several methods have been applied to suppress OH emissions including high dispersion masking, Rugate filters and holographic filters. Each of the methods has some major setbacks in achieving full suppression of the spectrum [3] . Bland-Hawthorn et al. (2004) introduced the application of FBGs to OH suppression [4] , that enables NIR inspection from ground telescopes. Zhu et al. (2016) fabricated multichannel on-chip optical filter in complex waveguides with a plan to extend the channels from 20 to 100 [5] .
Fibre Bragg gratings were identified as having application as multichannel filters, particularly for sensing, from the very beginnings of the development of the technology [6] . The availability of arbitrary profile FBGs was limited by the capability of early fabrication approaches [7, 8] . The development of gratings for the telecommunication industry [9] increased with the advent of refractive index apodisation and beam scanning [10, 11] which facilitated fabrication of long FBG [12] and the introduction of chirp [13] . These techniques also revealed the problem of inscription beam size on FBG fabrication [10] . Over the next decade there was a focus on increasing the chirping and apodisation capabilities of grating fabrication [14] [15] [16] .
The characteristics of fabricated gratings depend on the geometry, refractive index, presence of defects, fibre drawing process and hydrogen in the cladding and core of a fibre. They also depend on the nature of the ultraviolet (UV) radiation source that triggers the change in refractive indexthe intensity and shape of the beam and the wavelength of the beam. When writing gratings it is challenging to estimate the final wavelength of the device due to the non-linear effects of the fibre photosensitivity, particularly if the fibre is "hydrogen loaded" to increase its photosensitivity [17] . The current state of the art of grating fabrication focuses on increased the fidelity between an expected design and the fabricated device [18] and on characterisation of the fibre and grating to enable fabrication of accurate complex arbitrary profile long gratings [19, 20] . Such gratings have tight constraints in terms of maximum allowed deviation from requirements with respect to wavelength and grating strength. In previous work, Cao et. al. [21] demonstrated the application of multichannel grating for conversion of signals from return to zero to non-return to zero where the tolerance of error in the grating's bandwidth is 32 pm.
Fabrication of multiple channels in a single grating inscription has the advantage of eliminating the need to splice multiple devices together and the subsequent losses induced. It requires the stripping of a smaller length of fibre helping to maintain structural integrity. Fabrication setups that can handle multichannel gratings must function continuously over a wide spectral range and be able to introduce apodisation and change of period along the grating length to achieve arbitrary profile gratings.
In this work we compare the difference between the measured fabricated grating spectral response and the expected spectral response in an application specific way. We have examined a range of applications that require very specific grating spectral and delay profiles [22, 23] including OH emission line suppression for astrophysics applications which we focus on here. This research attempts to underpin the sources for errors observed after fabricating multichannel gratings and establishes methods to mitigate such errors through the fabrication process.
Fabrication configuration
The designed gratings are fabricated with a setup that uses an acoustic optical modulator (AOM) to modulate a beam generated by a 100 mW, 244 nm frequency doubled argon ion laser. The beam is incident on a phase mask which is used to generate an interference pattern. The modulation is controlled by a software that converts the designed gratings' profiles to intensity levels similar to the work of Cole [10] , Liu [14] and Petterman [24] . During the grating fabrication the fibre is placed within the interference pattern and scanned across the phase mask at a predetermined rate by a high precision linear motor stage. The beam is measured at the point of incidence on the fibre with a diameter of 270µm during fabrication. The diameter was maintained for all other fabricated gratings mentioned in this paper. All gratings are fabricated in standard telecommunications (SMF 28) fibre (except where otherwise specified) after been hydrogenated for 4 days at 100 bar and 80 • C. Final profiles are measured after annealing in an oven at 80 • C over 48 hours. All environmental factors are considered and monitored during fabrication to ensure similar conditions for all gratings. All gratings are measured with an optical spectrum analyser (OSA) pre-annealing and with a LUNA optical vector analyser post annealing.
Target spectrum design and observation of errors in fabrication
As a proof of concept, we consider a 5-channel grating with varying spectral spacing which has application in astrophysics [25] . The target spectrum was designed and converted to the complex coupling coefficient (CC) using the inverse layer peeling (LP) algorithm [26] . This resulted in the amplitude of the complex CC (D1) shown in Fig. 1 The 5-channel multichannel grating is designed with each channel having a super-Gaussian shape. It was designed as described in Eq. (1):
where N is the number of channels, b = 0.15 nm is the bandwidth of each channel, n eff the effective refractive index, R i is the desired reflectivity, λ j (in nm) is the central wavelength, and d j is a group delay parameter of the j-th channel. The central wavelength for each channel is shown in Table 1 . The group delay parameter applies independent group delays to each channel, which directly maps to different locations in the physical domain [27, 28] . The channel group delay parameters used in each design are shown in Table 2 . Eq. (1) allows for independent control of the inter-channel spacing, strength and bandwidth. Initial fabrication of the multichannel gratings revealed errors in the most important characteristics. These errors included channel strength reduction due to the beamwidth and/or insufficient photosensitivity, errors in the channel bandwidths, and inter-channel spacing errors. The most significant error was in channel strength which increased as the detuning of the grating from the central wavelength of the interference pattern increased. This was attributed to the beam size as described by Cole et. al. [10] . Gratings experience a washing out of its fringes as the wavelength of the channel written is detuned from the central wavelength. This affects any fabrication method that uses two beam interference to fabricate a grating. The beam size error can be mitigated by applying the algorithm described by Turitsyna et. al. [29] . Once this issue is mitigated the inter-channel spacing error and reduced channel strength due to the fibre photosensitivity became apparent, as can be seen in Fig. 1 . This beam size mitigating algorithm was applied to all the gratings fabricated in this paper.
In Fig. 1(a) we show the design of a multichannel grating with a maximum coupling coefficient amplitude of 1600 m −1 . The design profile has high frequency components beyond what can be fabricated and requires a change in reflective index of 8.5 × 10 −4 . Figure 1(a) shows the target and actual measured spectral response for this grating clearly showing the impact of the fabrication limitations.
These high frequency components of the grating profile can be reduced by changing the group delay parameter in Eq. (1), hence controlling the spacial overlap of the channels. This produces a new profile (D2) shown in Fig. 1(c) which was fabricated and shown in Fig. 1(d) (red line) . This reduces the maximum refractive index change required to 2.1 × 10 −4 without changing the grating target response as seen in Fig. 1(d) 
Inter-channel spacing error in multichannel gratings
Shifts in channel wavelength have previously been observed to occur during fabrication [32] and been attributed to the effect of the diffusion of the hydrogen (or deuterium) used to increase fibre photosensitivity [33, 34] . The channel locations are observed to experience a red shift immediately after fabrication followed later by a blue shift. The effect of this on inter-channel spacing for multichannel filters has not previously been reported. In the next section we investigate the effect of photosensitivity and environmental factors that determine the wavelength of a fabricated grating to determine their influence on the inter-channel spacing in multichannel gratings.
The drift in the central wavelength of channels in a multichannel fabricated is observed to be non-uniform across the fibre when writing into hydrogenated fibre. An error of about 50 pm is observed in the channel positions, which is significant for a channel that is only 150 pm wide. Such an error can be crucial when working with lasers and complex grating designs that require narrow spectra or have a low tolerance of variance. In order to track down the source of the error the conditions of writing the gratings are investigated.
Multiple single-channel 10 mm uniform gratings were used to observe the effects of strain, temperature, hydrogen left in fibre and refractive index change through a series of experiments. An increase in strain and temperature applied to the fibre during fabrication induced a reduction in red shift of the channels. The increase was observed to be uniform across the fibre. This is attributed to faster out-diffusion of hydrogen from the fibre core. A constant strain and temperature on the fibre during fabrication was observed to have a negligible effect on the error in inter-channel spacing observed. On the other hand, the reduction in hydrogen content and change in refractive index could lead to the detected errors, since they both experience significant changes during the fabrication of multichannel gratings. This is because multichannel gratings (see Fig. 1 ) often have a complex fast varying coupling coefficient, and it takes prolonged periods of up to several hours to fabricate them. The effect of hydrogen diffusion was observed by fabricating two gratings (with parameters as described in the previous paragraphs) next to each other (in the fibre as shown in Fig. 2(a) ) but at different wavelengths (1550 nm and 1550.318 nm as shown in Fig. 2(b) ) with varying delays between time of fabrication (42 s, 1.5 hours, 3 hours). This is shown in Fig. 2(c) which is a plot of the change in wavelength, δλ and δλ = ∆λ − ∆λ E where ∆λ is the measured inter-channel spacing of the fabricated grating and ∆λ E is the expected inter-channel spacing from the target spectrum. It (Fig. 2(c)) demonstrates the difference between the actual (311 pm, 348 pm and 348 pm after saturation) and the expected (318 pm) inter-channel spacing relative to the hydrogen content of the fibre. It can be seen from Fig. 2(c) that when the second channel is written 42 s after the first (blue line) the inter-channel spacing is 311 pm where the expected inter-channel spacing is 318 pm. When there is more delay between writing there is an inter-channel spacing error that saturates at 30 pm. The time to saturation can be seen to increase as the time between writing increases.
The result of this study shows that the time required for writing multichannel gratings, hence the hydrogen left in the fibre, has a significant impact on the inter-channel spacing. It also suggests that reduction of channel overlap by tuning the group delay parameter needs to be optimised to achieve a balance between wavelength accuracy and channel strength. 
Optimising the group delay parameter
In order to tackle the effect of hydrogen on grating D2 and reduce the fast varying components in D1 two other designs are considered as seen in Fig. 3(a) and 3(c) . The group delay parameters, d j (shown in Table 2 ), are redistributed such that D3 is as shown in Fig. 3(a) and D4 is as shown in Fig. 3(c) .
There is a significant improvement in the match between the designed and fabricated grating when there is a partial overlap in channels. It is observed that these two designs (D3, D4) show similar improvements in the spectrum and are a better match to the design than the completely superimposed (D1) and completely spread coupling coefficient (CC) (D2) as shown in Fig. 3 . The deviation of the all channels from expected locations, λ RM SD , is calculated using the root mean square deviation (RMSD) of the errors.
The deviation of the strength V RMSD from expected channel strength is calculated using the RMSD of the strength of the grating, V. V is calculated as shown in Eq. (2) .
R max is the maximum linear reflection strength of each channel. L is the length of the grating. The deviation of wavelength (blue triangle) and strength (red dots) of each design from the expected is presented in Fig. 4 . Fig. 4 . The root mean square deviation (RMSD) of wavelength (blue triangle) and strength (red dots) of fabricated channels from expected for each design Figure 4 shows that the strength deviation is highest when the standard deviation of the group delay parameter, d σ , is 0 and it reduces with an increase in d σ . It can also be seen that the strength error in D2 is high, breaking the trend observed in the previous designs, this is because the fabricated grating channels are stronger than the target spectrum. It (Fig. 4) shows that the wavelength deviation has the inverse relationship with deviation increasing as d σ increases. The result shown in Fig. 3 and Fig. 4 implies that a trade off between wavelength and strength deviation of a grating design is important for when designing a multi-channel grating.
This trade-off is application specific, D4 is the design of choice for an application in signal conversion [21] from return to zero to non-return to zero as the wavelength RMSD error is around 50 pm. D3 on the other hand is more appropriate for OH emission line filtering as the channel strength is more critical in this application. This is because the channels are designed to be significantly wider than the spectral lines being filtered.
Conclusion
We have established a relationship between hydrogen content and errors observed in multichannel gratings. We have also shown that the error can be minimized by optimising the initial grating design. We are able to minimise errors by a factor of two. We have observed that inter-channel spacing and channel strength errors are introduced into the fabricated grating when the fibre hydrogenation or the maximum amplitude of the coupling coefficient (CC) is not considered during design. Inter-channel spacing errors are observed to increase as the physical channel separation increases across the fibre. We are undertaking further work on estimating and applying the rate of flow (diffusion and infusion) of hydrogen in fibre to compensate for errors introduced when writing a multi-channel grating.
